Daou A, Ross MT, Johnson F, Hyson RL, Bertram R. Electrophysiological characterization and computational models of HVC neurons in the zebra finch. The nucleus HVC (proper name) within the avian analog of mammal premotor cortex produces stereotyped instructions through the motor pathway leading to precise, learned vocalization by songbirds. Electrophysiological characterization of component HVC neurons is an important requirement in building a model to understand HVC function. The HVC contains three neural populations: neurons that project to the RA (robust nucleus of arcopallium), neurons that project to Area X (of the avian basal ganglia), and interneurons. These three populations are interconnected with specific patterns of excitatory and inhibitory connectivity, and they fire with characteristic patterns both in vivo and in vitro. We performed whole cell current-clamp recordings on HVC neurons within brain slices to examine their intrinsic firing properties and determine which ionic currents are responsible for their characteristic firing patterns. We also developed conductance-based models for the different neurons and calibrated the models using data from our brain slice work. These models were then used to generate predictions about the makeup of the ionic currents that are responsible for the different responses to stimuli. These predictions were then tested and verified in the slice using pharmacological manipulations. The model and the slice work highlight roles of a hyperpolarization-activated inward current (I h ), a low-threshold Ttype Ca 2ϩ current (I Ca-T ), an A-type K ϩ current (I A ), a Ca 2ϩactivated K ϩ current (I SK ), and a Na ϩ -dependent K ϩ current (I KNa ) in driving the characteristic neural patterns observed in the three HVC neuronal populations. The result is an improved characterization of the HVC neurons responsible for song production in the songbird. birdsong; computational model; ionic currents; song system ZEBRA FINCHES ARE EXTRAORDINARY VOCALISTS within the oscine family of songbirds that, like humans, learn to produce highly stereotyped complex sequences of vocal gestures (Bolhuis and Gahr 2006; . The acquisition and production of birdsong occurs through a set of forebrain nuclei that form a well-characterized network (Fig. 1) , known as the "song system" (Bolhuis et al. 2010; Margoliash and Schmidt 2010; Nottebohm 2005). Nucleus HVC plays a key role in the song system. Neurons in the HVC serve the role of the conductor of the song, having a pattern-generating role coding for syllable order and controlling the overall temporal structure of birdsong (Fee and Gold-
berg 2011; Fee et al. 2004; Fee and Scharff 2010; Long and Fee 2008; Mooney 2009; Mooney and Spiro 1997; Vu et al. 1994; Yu and Margoliash 1996) .
Precisely how neurons in HVC encode song sequence and phonology is poorly understood. Models of how neurons might be organized and interconnected have been proposed (Abarbanel et al. 2004a (Abarbanel et al. , 2004b Drew and Abbott 2003; Gibb et al. 2009a Gibb et al. , 2009b Jin 2009; Jin et al. 2007; Katahira et al. 2007; Li and Greenside 2006; Long et al. 2010; Mooney and Prather 2005; Troyer and Doupe 2000) , and techniques for calibrating HVC models are being developed (Abarbanel et al. 2012) , but a complete biophysical model is limited by the lack of detailed understanding of the properties of the component neurons. A goal of the present series of experiments is to detail the biophysical properties of cell types in HVC. There are three neuronal populations in the zebra finch HVC (Kubota and Taniguchi 1998; Mooney 2000; Mooney and Prather 2005) : neurons that project to the robust nucleus of arcopallium (RA; HVC RA neurons), neurons that project to Area X (HVC X neurons), and interneurons (HVC INT neurons). The three types of HVC neurons have different functional and cellular properties that may be important for the different functions performed by the neural circuits within the HVC and for communication with the rest of the song system.
Numerous in vivo and in vitro intracellular recording studies of HVC neurons have been carried out (Dutar et al. 1998; Katz and Gurney 1981; Kubota and Saito 1991; Kubota and Taniguchi 1998; Lewicki 1996; Lewicki and Konishi 1995; Long et al. 2010; Mooney 2000; Mooney et al. 2001; Mooney and Prather 2005; Schmidt and Perkel 1998; Shea et al. 2010; Solis and Perkel 2005; Wild et al. 2005) . These studies shed light on several neuronal and circuit mechanisms and unveiled a variety of physiological properties within the HVC. For example, the brain slice studies demonstrated that HVC RA , HVC X , and HVC INT neurons have distinct, categorical electrophysiological phenotypes (Dutar et al. 1998; Kubota and Saito 1991; Kubota and Taniguchi 1998; Mooney 2000; Mooney et al. 2001; Mooney and Prather 2005; Shea et al. 2010; Wild et al. 2005) .
The studies published thus far have characterized HVC neurons according to their responses to injected current. HVC X neurons exhibit fast and time-dependent inward rectification where a sag appears in response to hyperpolarizing current pulses. In addition, HVC X neurons exhibit spike frequency adaptation (accommodation) in response to injected depolarizing currents. HVC RA neurons, on the other hand, have a more negative resting membrane potential than the other classes and do not exhibit a sag in response to hyperpolarizing current pulses. The RA-projecting neurons also fire with one or few action potentials in response to a relatively large depolarizing pulse, often with a delay. Finally, HVC interneurons exhibit a more prominent sag than HVC X neurons and produce rebound firing following hyperpolarizing current pulses. In response to depolarizing pulses, HVC INT neurons fire tonically with high firing frequency and with little or no adaptation. Despite the electrical identification of HVC neurons, the ionic currents underlying these behaviors in the different HVC neuron types remain largely unexamined and unknown.
In this study, we obtained whole cell current-clamp recordings from neurons within the HVC to determine which ionic currents are responsible for their characteristic firing patterns. We also developed conductance-based models for the different neurons based on the identified ionic currents and their reported characteristics and then calibrated the models using data from our brain slice work. These models were then used to generate predictions about the frequency-response curve and the effects of blocking selected currents. Model predictions were then tested and verified in the slice using various pharmacological manipulations. The result is an improved characterization of the HVC neurons responsible for singing in the songbird.
MATERIALS AND METHODS

Brain Slice Electrophysiology
Slice preparation. Adult male zebra finches (n ϭ 34, Ͼ120 days after hatch) raised in our breeding colony at Florida State University (FSU) were used for experiments. Animal care and experiments were performed in accordance with National Science Foundation guidelines and approved by the FSU Animal Care and Use Committee. Birds were anesthetized with isoflurane and rapidly decapitated. The brain was quickly removed and placed in ice-cold artificial cerebrospinal fluid (ACSF) that was pregassed with 95% O 2 -5% CO 2 . The hippocampus of each hemisphere was then resected over the general area of one side of the posterior lobe. This allowed us to clearly visualize HVC as an oval-like extrusion of the cerebrum, which allowed for accurate sectioning ( Fig. 2A) . Next, the brain was cut midsagittally to separate the hemispheres. Each hemisphere was glued to a custom stage of a vibrating microtome immersed in ice-cold ACSF, and 175to 300-m parahorizontal slices were prepared. The ACSF used for slice preparation had equimolar sucrose partially replacing NaCl (Aghajanian and Rasmussen 1989) and contained (in mM) 72 sucrose, 83 NaCl, 3.3 MgCl 2 , 0.5 CaCl 2 , 1.0 NaH 2 PO 4 , 26.2 NaHCO 3 , and 22 glucose (osmolarity 285-295 mosM). Slices were incubated for 15 min in the same sucrose ACSF solution at room temperature, followed by further incubation (45 min or more) in standard NaCl recording solution (with no sucrose), which contained (in mM) 119 NaCl, 2.5 KCl, 1.3 MgCl 2 , 2.5 CaCl 2 , 1.0 NaH 2 PO 4 , 26.2 NaHCO 3 , and 22 glucose (osmolarity 285-295 mosM).
Whole cell recording. Recordings were initiated after 1 h of total incubation. One slice at a time was transferred to a submersion chamber where it was superfused with pregassed standard NaCl ACSF. The HVC was initially identified as a dark region in the slice (due to the heavy myelination of HVC) through a light microscope when transilluminated from below ( Fig. 2A ). Whole cell patch-clamp recordings from HVC neurons were made with unpolished electrodes (4 -9 M⍀). All electrodes were pulled with a Sutter Instruments (Novato, CA) P-80 micropipette puller. The electrodes were filled with the following intracellular solution (in mM): 100 K-gluconate, 5 MgCl 2 , 10 EGTA, 2 Na 2 -ATP, 0.3 Na 3 -GTP, and 40 HEPES, pH adjusted to 7.2-7.3 with KOH. A modified pipette solution was used during some experiments consisting of (in mM) 125 K-gluconate, 15 KCl, 1 MgCl 2 , 10 HEPES, 0.2 EGTA, 2 Mg-ATP, and 0.3 Na 3 -GTP. No differences in recordings were observed between these solutions. Electrodes were injected with positive pressure and advanced through the slice until apposition to HVC neurons was clearly visualized (Fig. 2C) . HVC cells were then slowly approached until the pipette resistance increased. Negative pressure was then applied until a gigaohm seal was obtained, and the patch membrane was ruptured by further application of negative pressure. Only cells that showed a stable membrane potential below Ϫ55 mV and that spiked readily in response to positive current injection were considered for further analysis. Voltage traces were corrected for an empirically measured liquid junction potential (ϩ6 mV for standard ACSF and pipette solutions). Whole cell recordings of the membrane potential were made using a Multiclamp 700B (Axon Instruments, Foster City, CA), with an active bridge circuit for passing current, and digitized (Digidata 1322A; Axon Instruments) while connected to a personal computer running Axon pClamp 9 acquisition software (Molecular Devices, Sunnyvale, CA).
Pharmacological manipulations. Pharmacological tests used various drugs, which were delivered by bath application at the following concentrations: 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 5 and 10 M; no. 0190, Tocris), picrotoxin (PTX, 50 M; no. 1128, Tocris) , ZD 7288 (30 and 50 M; no. 1000, Tocris), 4-aminopyridine (4-AP, 0.3 mM; no. 0940, Tocris), apamin (150 nM; no. A1289, Sigma), mibefradil (6 M; no. 2198, Tocris), and quinidine (100 M; no. 4108, Tocris). The drugs CNQX, picrotoxin, and quinidine were dissolved in DMSO (final concentration 0.1%), whereas ZD 7288, 4-AP, and mibefradil were dissolved in water, and apamin was Fig. 1 . Sagittal perspective schematic of an adult male zebra finch brain shows the position of HVC in the dorsocaudal nidopallium. The hippocampus is positioned above pallial structures in birds. DLM, medial dorsolateral nucleus of the thalamus; LMAN, lateral portion of the magnocellular nucleus of the anterior neostriatum; nXIIts, brain stem nucleus XII (tracheosyringeal part); RA, robust nucleus of arcopallium. dissolved in 0.05 M acetic acid. All drugs were aliquoted and stored at Ϫ20°C except for 4-AP, which was kept at room temperature.
Electrophysiological identification of neurons. All HVC neurons in this study were classified on the basis of their electrophysiological properties, as described previously (Dutar et al. 1998; Kubota and Saito 1991; Kubota and Taniguchi 1998; Mooney 2000; Mooney et al. 2001; Mooney and Prather 2005; Schmidt and Perkel 1998; Shea et al. 2010; Wild et al. 2005) .
We applied three tests for the identification of HVC neurons online. The first test was the response obtained to depolarizing current pulses. In particular, HVC RA neurons fire only one to a few action potentials in response to ϩ200-pA currents of ϳ0.5-s duration, whereas HVC X neurons fire more regularly with moderate spike frequency adaptation and HVC INT neurons fire at high frequency with little or no spike frequency adaptation (Dutar et al. 1998; Kubota and Taniguchi 1998; Mooney 2000; Mooney et al. 2001; Mooney and Prather 2005; Schmidt and Perkel 1998; Shea et al. 2010; Wild et al. 2005) . The second test was the voltage response to hyperpolarizing current pulses. HVC INT neurons exhibit a prominent sag in response to hyperpolarizing currents, whereas HVC X neurons exhibit a less prominent sag and HVC RA neurons exhibits no sag at all (Dutar et al. 1998; Kubota and Saito 1991; Kubota and Taniguchi 1998) . The final test was an examination of the resting membrane potential. HVC INT neurons generally exhibit a resting membrane potential of Ϫ60 Ϯ 6 mV, whereas HVC X neurons exhibit a resting membrane potential of Ϫ72 Ϯ 7 mV and HVC RA neurons exhibit a resting membrane potential of Ϫ85 Ϯ 6 mV (Dutar et al. 1998; Kubota and Taniguchi 1998) .
Spike afterhyperpolarization (AHP), time to peak (TTP), sag ratio (SR), and adaptation ratio (AR) physiological measurements were also computed offline to help assess and confirm the online categorization. Spike threshold was computed as the peak of the second derivative of the voltage trace. Spike AHP and TTP were measured relative to the spike threshold point. The SR during hyperpolarization was computed as (V min Ϫ V end )/V min , where V end represents the voltage at the end of the hyperpolarizing current pulse and V min represents the voltage at the nadir (the minimum voltage). The sag was computed for hyperpolarizing pulses of duration 500 ms and magnitude Ϫ200 pA. Spike frequency adaptation was quantified by computing the AR between the last interspike interval and the first interspike interval for depolarizing current pulses of duration 500 ms and magnitude 150 pA. A ratio of 1 indicates that there is no adaptation, and larger magnitudes of AR indicate stronger adaptation.
The electrophysiological recordings were first read with Clampfit 9.0 (Axon Instruments), and the traces were saved in Axon Text File (.atf) format. The .atf data were then read with a custom Matlab (MathWorks) routine, and all further analysis was made using custom Matlab routines.
In vivo injections of retrograde tracers into Area X and RA. Physiological categorization of HVC X and HVC RA neurons was confirmed in two birds by recording from cells that were fluorescently labeled using a retrograde tracing dye that was injected into Area X or RA. The birds were deeply anesthetized with Equithesin (0.05 ml) and secured in the stereotaxic instrument, and the skull was exposed by Fig. 2 . Anatomic confirmation of physiological classification. A: under brightfield illumination, HVC has a darkened appearance (due to heavy myelination) with striations of fibers (dashed white line highlights HVC region). B: focal infusions of DiI into Area X in vivo, retrogradely labeling X-projecting (HVC X ) neurons that could be readily observed in the slice preparation under epifluorescence illumination. Composite of the brightfield (A) and fluorescent images shows HVC X neurons throughout the HVC. C: an electrode patched onto a fluorescently labeled HVC X neuron (composite of the brightfield and fluorescent illumination). D: recording from the labeled neuron in C showing a firing pattern that is characteristic of HVC X neurons (n ϭ 5). E: recording from an RA-projecting (HVC RA ) neuron that was labeled using similar methods shows its characteristic properties (n ϭ 2). F: recording from a neuron that was not fluorescently labeled shows properties that resembles those of an HVC interneuron (HVC INT ).
making an incision down the center of the scalp and retracting the skin using curved forceps. The bifurcation at the midsagittal sinus was used as stereotaxic zero, and a small craniotomy over left and right Area X or RA was made using predetermined coordinates. Tracer (DiI; Life Technologies; ϳ400 nl) was then delivered into Area X (or RA) bilaterally via a glass micropipette attached to a gas pressure injection system (Applied Scientific Instrumentation MPPI-3).
After a 6-day period for tracer transport, the birds were used for brain slice electrophysiology studies. HVC neurons that were retrogradely labeled were easily identified in the recording chamber with the use of epifluorescence illumination (Fig. 2, B and C) . Unlabeled neurons were also recorded to confirm that only retrogradely labeled cells display the physiological phenotype of the targeted HVC X or HVC RA neurons ( Fig. 2F ).
Computational Modeling
Single-compartment conductance-based biophysical models of cells from the HVC were developed, based on our current-clamp data. Simulations of these model neurons were performed using Matlab (Math-Works). The source codes containing the models are available on the FSU website (http://www.math.fsu.edu/ϳbertram/software/birdsong) as well as the ModelDB website (http://senselab.med.yale.edu/modeldb/).
Model HVC cells. We used Hodgkin-Huxley-type models with additional currents added to reproduce features of the voltage traces observed in our current-pulse studies. The functional forms of activation/inactivation functions and time constants were based on published neural models (Destexhe and Babloyantz 1993; Dunmyre et al. 2011; Hodgkin and Huxley 1952; Terman et al. 2002; Wang et al. 2003) , and the majority of our fitting parameters were maximum conductance, which are likely to vary among cell types. The sag seen in HVC X and HVC INT neurons (Dutar et al. 1998; Kubota and Saito 1991; Kubota and Taniguchi 1998) suggests that a hyperpolarizationactivated inward current conductance is present, and the postinhibitory rebound firing seen in these neurons suggests that a low-threshold T-type Ca 2ϩ current conductance may be present. Also, the delay to spiking seen in the response of HVC RA neurons to depolarizing pulses (Kubota and Taniguchi 1998; Mooney and Prather 2005) hints at expression of the A-type K ϩ current in these neurons. Moreover, the depolarization block and plateau potential that some HVC neurons exhibit in response to positive current pulses (Kubota and Saito 1991) is an indicator of the existence of a persistent sodium current or some other long-lasting inward current. The presence of some conductances had been shown in previous studies, and in these cases they were included in our models. For example, Na ϩ -and Ca 2ϩ -dependent K ϩ conductances have been identified before (Dutar et al. 1998; Kubota and Saito 1991; Kubota and Taniguchi 1998; Schmidt and Perkel 1998) , and a high-threshold Ca 2ϩ conductance has been shown to exist in HVC neurons (Kubota and Saito 1991; Long et al. 2010) .
With this background, the model was designed to include spikeproducing currents (I K and I Na ), a high-threshold L-type Ca 2ϩ current (I Ca-L ), a low-threshold T-type Ca 2ϩ current (I Ca-T ), a small-conductance Ca 2ϩ -activated K ϩ current (I SK ), a persistent Na ϩ current (I Nap ), a Na ϩ -dependent K ϩ current (I KNa ), an A-type K ϩ current (I A ), a hyperpolarization-activated cation current (I h ), and a leak current (I L ). The membrane potential of each HVC neuron obeys the current balance equation:
where I app represents the constant applied current and C m is membrane capacitance. Ionic current equations. VOLTAGE-GATED IONIC CURRENTS. The constant-conductance leak current is I L ϭ g L (V Ϫ V L ). The voltage-dependent currents have non-constant conductances (g) with activation/inactivation kinetics characterized as fast, instantaneous, or slow as described below. The voltage-dependent currents are
( 2)
and where x is the half-activation (or half-inactivation) voltage for gating variable x and x is the slope factor for that variable. The term RT/F is the thermal voltage, where T is the temperature of the bathing solution (25°C or 298 K), R is the gas constant, and F is Faraday's constant. Ca ex is the external Ca 2ϩ concentration, which is 2.5 mM in the bathing solution. The persistent Na ϩ current is modeled as in Dunmyre et al. (2011) with instantaneous activation and slow inactivation variables. The steady-state activation functions for the fast gating variables that are treated as instantaneous are shown in Fig. 3A [m ϱ (black), a ϱ (blue), s ϱ (cyan), and mp ϱ (green)]. The gating variables n, h, e, and hp are slower and have first-order kinetics governed by
where x ϱ (V) for n, e, and hp is given above by Eq. 7 and that for h ϱ is given as
where
and
The steady-state activation for the slow variable n is shown in Fig. 3B (solid magenta), as are the inactivation functions for the slow variables h (dotted black), e (dotted blue), and hp (dotted green). Activation functions are plotted as solid lines, whereas inactivation functions are dotted. The time constants h and e are given in Table 1 , whereas n and hp are voltage dependent and given by
LOW-VOLTAGE-ACTIVATED T-TYPE Ca 2ϩ CURRENT. The expression for the low-voltage-activated T-type Ca 2ϩ current is similar to that given by Terman et al. (2002) except that the single-channel current is described by the Goldman-Hodgkin-Katz formula,
The activation gating for the rapidly activating channel (a T ) is treated as instantaneous ( Fig. 3A , magenta) and is given by
The inactivation variable (b T ) is also treated as instantaneous and depends on the slowly operating variable r, which reflects the availability of the I Ca-T current. This is given by
The slowly operating gating variable r T is governed by
( 18) Figure 3B shows b Tϱ as a function of voltage when r T is at equilibrium (dotted cyan). Ca 2ϩ -DEPENDENT K ϩ CURRENT. The small-conductance Ca 2ϩ -dependent K ϩ current is modeled as
where k ϱ ([Ca 2ϩ ] i ) is the steady-state activation function of the SK current that is based on the levels of intracellular calcium ( Fig. 3C ) and is given by 
The constant k s is the dissociation constant of the Ca 2ϩ -dependent current, and [Ca 2ϩ ] i is the intracellular concentration of free Ca 2ϩ ions and is governed by
The constant f represents the fraction of free-to-total cytosolic Ca 2ϩ , whereas the constant combines the effects of buffers, cell volume, and the molar charge of calcium. Also, the constant k Ca is the calcium pump rate constant, and b Ca represents the basal level of Ca 2ϩ . Na ϩ -DEPENDENT K ϩ CURRENT. The Na ϩ -dependent K ϩ current, modeled as in Wang et al. (2003) , is given by
The activation function is given by
and plotted in Fig. 3D . [Na ϩ ] i is the intracellular concentration of Na ϩ ions and is governed by
The influx of [Na ϩ ] i is controlled by Ϫ␣ Na (I Na ϩ I Nap ). The Na ϩ concentration in HVC neurons has not been measured, so we chose ␣ Na ϭ 0.0001 mM·(ms·A) Ϫ1 ·cm 2 so that the increase of [Na ϩ ] i is ϳ100 M per action potential, which is similar to what has been reported in hippocampal pyramidal neurons (Jaffe et al. 1992; Rose et al. 1999; Rose and Ransom 1997) . The extrusion of [Na ϩ ] i is assumed to be largely due to a Na ϩ -K ϩ ionic pump, which extrudes three Na ϩ ions for every two K ϩ ions brought into the cell (Fain 1999) . The [Na ϩ ] i extrusion by the ion pump was modeled by Li et al. (1996) as
The sodium concentration at the resting state is assumed to be [Na ϩ ] eq ϭ 8 mM. The slow kinetics of the Na ϩ -K ϩ ionic pump are important for the model and play a role in adaptation. HYPERPOLARIZATION-ACTIVATED INWARD CURRENT. The hyperpolarization-activated inward current's activation is modeled as in Destexhe and Babloyantz (1993) using a fast component (r f ) and a slow component (r s ) as follows:
The fast activation component r f obeys
is shown in Fig. 3A (red) , and its time constant r f is given by
Similarly, the slow activation component r s obeys
is shown in Fig. 3B (solid red) , and r s is given in Table 1 . Manual adjustment of model parameters was performed to qualitatively reproduce membrane potential trajectories. The parameters that were manually adjusted and tuned are listed in Table 2 . HVC neurons of the same type behaved similarly in response to depolarizing and hyperpolarizing current pulses, as described earlier. A candidate neuron of each HVC cell type was selected, and the model parameters were fit by eye using iterative manual tuning. For example, the adaptation seen in HVC X and HVC RA neurons was achieved by tuning the g SK and g KNa parameters. Similarly, the sag seen in HVC X and HVC INT neurons was achieved by tuning the k r and g h parameters.
The features that were the target of the fit were the number of spikes, the shape of the spikes, the steepness of the sag, and the strength of the rebound firing.
Fixed parameter values for HVC neurons used in the simulations are given in Table 1 . Parameters that vary between the different model neurons are shown in Table 2 .
RESULTS
Our goal was to characterize the mix of ionic currents present in HVC RA , HVC X , and HVC INT neurons. To facilitate this, we developed biophysical models of the three cell types using current-clamp data and then used these models to predict and interpret the effects of pharmacological blockers. All slice recordings were done using the whole cell patch-clamp technique. These data are based on intracellular recordings from 105 neurons from 34 birds. In the figures, when experimental data were used to calibrate the model, the data are shown first. When the model was used to predict responses to manipulations, the model simulation is shown first. 
HVC X Neurons
Response to applied current. The X-projecting neurons (n ϭ 47) have two key identifying features. The first is the spike frequency adaptation observed in response to depolarizing current pulses ( Fig. 4A ). When an HVC X neuron is stimulated with a relatively weak depolarizing pulse, the neuron fires with high frequency and quickly switches to a lower frequency that gradually decreases over the course of current application (n ϭ 46). The adaptation ratio AR (see Electrophysiological identification of neurons) for HVC X neurons was 3.91 Ϯ 2.1 (n ϭ 13). A second feature of HVC X neurons is a moderate sag generated in response to hyperpolarizing current pulses ( Fig.  4B) , followed by rebound firing or rebound depolarization on the termination of the pulse (n ϭ 45). The sag and the rebound were larger as for larger hyperpolarization current pulses. The sag ratio SR for this neuronal population (see Electrophysiological identification of neurons) was 0.10 Ϯ 0.014 (n ϭ 19). In addition to these two characteristic features that readily identify an HVC X neuron, a variety of other electrical properties were exhibited as detailed in Table 3 . In response to depolarizing current pulses, the spikes emanate from a depolarized plateau ( Fig. 4A ) and exhibit a large-amplitude AHP (14.5 Ϯ 0.4 mV, n ϭ 24) and a slow TTP (13 Ϯ 1.2 ms, n ϭ 26). A subset of the HVC X neurons (n ϭ 7) exhibited spontaneous firing, which was quickly abolished after dual application of the AMPA/kainate receptor antagonist CNQX (5 M, n ϭ 4 and 10 M, n ϭ 3) and the GABA A receptor antagonist PTX (50 M, n ϭ 7) (not shown). Spontaneous activity was absent in an additional 14 HVC X neurons that were recorded in the presence of these receptor antagonists, suggesting that HVC X neurons are silent in the absence of synaptic drive. These features were useful in distinguishing the X-projecting neurons from the other classes of HVC neurons online, and these classification criteria were confirmed by recording retrogradely labeled HVC X neurons (Fig. 2D ).
Next, model HVC X neuron parameters were calibrated to fit the voltage traces. Figure 4C shows the firing pattern of a model HVC X neuron in response to a 150-pA applied current. The model neuron exhibits spike frequency adaptation that is due to the Ca 2ϩ -dependent K ϩ current (I SK ) and the Na ϩdependent K ϩ current (I KNa ). The model was also calibrated to fit the sag and the rebound firing seen in HVC X neurons (Fig.  4D ). In the model, the sag is primarily due to the I h current that is activated on hyperpolarization and gradually depolarizes the neuron. The prominence of the sag is controlled by the k r parameter that governs the weight put on the fast component relative to the slow component of I h current. For model HVC X neurons, k r is set to 0.3, thereby giving 70% of the weight to the slow component of the current that is responsible for the slow depolarization that characterizes the sag. The rebound firing is primarily due to the low-threshold T-type Ca 2ϩ current (I Ca-T ) in the model, working in cooperation with I h . The hyperpolarizing current pulse activates I h and removes the inactivation of I Ca-T . On removal of the hyperpolarizing current, I h and I Ca-T together depolarize the cell beyond its resting potential and beyond the spike threshold. The rebound spiking terminates as I h deactivates and I Ca-T inactivates. Longer or stronger current application augments deinactivation of I Ca-T , enhancing the rebound.
As a test, we used the calibrated model to predict the average firing frequency over a 1-s duration of applied current for a range of current magnitudes and compared this prediction with the response of actual HVC X neurons (Fig. 5) . Both model and actual neurons had a roughly linear frequency response that ranged from 5 to 40 Hz. Since the frequency response of the model was not a feature used in the calibration, the good fit to Fig. 4 . Firing properties of an X-projecting neuron. A: an X-projecting neuron exhibits some spike frequency adaptation in response to a depolarizing current pulse (applied current I app ϭ 150 pA). B: a weak sag followed by postinhibitory rebound firing is generated in response to a hyperpolarizing current pulse (Ϫ200 pA). C and D: HVC X model neuron parameters were calibrated to match the voltage traces. The same magnitude of applied currents used in the slice was used in the model simulations in this and subsequent figures, unless otherwise mentioned.
experimental data provides support for the model and the manner in which it was calibrated.
H current and inward rectification in HVC X neurons. The sag and postinhibitory rebound produced by HVC X neurons are examined further in Fig. 6 . Figure 6A shows the currentvoltage relationship of the model HVC X neuron, using the same parameters as in Fig. 4 . The curve with circles represents the voltage at the end of the hyperpolarizing current pulses, whereas the curve with triangles is the voltage at the nadir. As the magnitude of the current pulse increases, the difference between the voltage responses at the end of the current pulse and at its nadir increases, indicating an increase in the sag. In the slice, HVC X neurons showed a similar behavior (n ϭ 35). A representative example is shown in Fig. 6B .
The sag generated in the model HVC X neuron is due to the hyperpolarization-activated inward current, I h (Fig. 6C) , which also contributes to the rebound (black trace). The inset of Fig.  6C shows the total I h conductance, g h . It is near 0 at rest but increases on hyperpolarization. The fast component causes a rapid initial increase in g h , followed by a slower rise due to the slow component. This slow rise is reflected in the voltage as a sag. When the current pulse is terminated, the rapid component of g h quickly goes to 0, whereas the slow component remains. It is this residual slow component that contributes to the rebound firing.
Blockade of I h is simulated in the model by setting g h to 0. This results in a small decline in the resting membrane potential and a much larger hyperpolarization during the current pulse (Fig. 6C, red trace) . This reflects the absence of the fast component of I h . The sag is gone and there is no rebound, reflecting the absence of the slow component of I h . There is, however, a small voltage rebound depolarization due to the I Ca-T current, as discussed below.
Model predictions were tested and verified in the slice by pharmacologically blocking I h using ZD 7288 (50 M; Fig.  6D ). ZD 7288 application eliminated the sag and the weak rebound firing but retained a small rebound depolarization (Fig. 6D , red trace, 20 min after drug application) in the same X-projecting cell used in Fig. 4B . Moreover, the resting membrane potential was hyperpolarized by ϳ5 mV. Similar behavior was observed in all of the seven additional HVC X neurons examined, two of which were given a lower concentration of ZD 7288 (30 M). Therefore, the sag seen in HVC X neurons is due to the hyperpolarization-activated inward current, which also contributes to rebound firing.
Actions of I h and I Ca-T in HVC X neurons. The interplay between the I h and I Ca-T currents and their role in shaping the firing pattern of HVC X neurons was further examined. Figure 7A shows a model HVC X neuron exhibiting a sag and rebound firing (black trace, g K ϭ 1,700 nS, g SK ϭ 1 nS, I app ϭ Ϫ120 pA). Setting g Ca-T to 0 eliminates the rebound firing and any rebound depolarization (not shown). The rebound firing can be eliminated and a voltage depolarization retained by partial blockade of I Ca-T (g Ca-T ϭ 0.1 nS, 3.7% of original conductance), which leaves the sag unaltered (red trace). The sag and rebound depolarization are eliminated by additional blockade of I h (g h ϭ 0 nS, green trace). The inset of Fig. 7A shows the total I Ca-T current conductance (g Ca-T ) in the model HVC X neuron under the three conditions. The conductance is near 0 during the hyperpolarization, since the channel is deactivated. However, it also loses any inactivation, so when the applied hyperpolarizing current is removed, the I Ca-T current quickly activates and depolarizes the cell to spike threshold (black trace). When the current is mostly blocked (red trace), its residual total conductance has sufficient strength to activate and depolarize the model cell; however, it is still too small to bring the cell to spike threshold. When I h is blocked, the voltage does not go high enough after the pulse termination to activate the I Ca-T current, so g Ca-T remains low.
Model predictions were matched in the slice by blocking I Ca-T (Fig. 7B , red trace) using mibefradil (6 M, 40 min after drug application, I app ϭ Ϫ120 pA) (Lacinova 2004 (Lacinova , 2005 . Mibefradil kept the sag intact, eliminated the rebound firing, and left a rebound depolarization. A subsequent application of ZD 7288 (50 M, 30 min after ZD 7288 application) to block I h eliminated the sag and the rebound depolarization (green trace). Similar results were observed in two other HVC X neurons that were tested. Mibefradil eliminated rebound spiking in three additional neurons, reaffirming that rebound firing in these neurons requires the low-threshold T-type Ca 2ϩ current. I SK and I KNa in HVC X neurons. The spike frequency adaptation seen in HVC X neurons was further examined. Figure 8A shows a model HVC X neuron exhibiting adaptation, using the same parameters as in Fig. 4 but with g Na ϭ 800 nS and g SK ϭ 5 nS. Blocking the Ca 2ϩ -dependent K ϩ current by setting its conductance (g SK ) to 0 increases the model neuron's excitability slightly, but the adaptation is retained due the presence of the Na ϩ -dependent K ϩ current (Fig. 8C) . Moreover, the resting membrane potential increased by a few millivolts (ϳ3 mV), and the shape of the interspike voltage time course has changed.
Model predictions were tested in the slice by blocking I SK using apamin (150 nM). Figure 8B shows a HVC X neuron exhibiting spike frequency adaptation. Apamin application had little effect on adaptation and changed the shape of the interspike voltage time course, as in the model (Fig. 8D) . Moreover, the resting membrane potential was depolarized by ϳ5 mV. Unlike the model response however, apamin application reduced the AHP following each action potential significantly. Similar results were observed in three additional HVC X neurons that were tested.
These results suggest that the spike frequency adaptation in HVC X neurons is not mediated by SK current, but the AHP following each action potential is. This agrees well with findings of Kubota and Saito (1991) and Schmidt and Perkel (1998) . The former identified a Na ϩ -dependent K ϩ conductance in HVC neurons, but because of the nonselectivity of pharmacological blockers of I KNa , we did not pursue this further. Fig. 5 . The firing frequency of a model HVC X neuron under various current injections (triangles) closely matches the data from X-projecting neurons in the slice (circles, n ϭ 21). Data are means Ϯ SE. For both model and actual HVC X neurons, the duration of applied current was 1 s. Fig. 6 . Inward rectification and hyperpolarization-activated inward current (I h ) in HVC X neurons. A: current-voltage relationship of a model HVC X neuron using the same parameters as in Fig. 4 . Circles with solid curve represent voltage responses measured at the end of the current pulses, whereas triangles with solid curve represent voltage at the nadir. B: current-voltage relationship for an HVC X neuron. C: the sag generated in the model HVC X neuron is due to I h (with g h ϭ 4 nS), which is contributing partially to the rebound spike (black trace). Blocking I h by setting its conductance (g h ) to 0 eliminated the sag but kept a small rebound depolarization due to low-threshold T-type Ca 2ϩ current (I Ca-T ; red trace). Inset shows the total I h conductance (g h ). D: blocking I h using ZD 7288 (50 M) eliminated the sag and the rebound firing (red trace, 20 min after ZD 7288 application) in the same X-projecting cell used in Fig. 4B , matching model predictions.
HVC RA Neurons
Response to applied current. The RA-projecting neurons (n ϭ 33) have three key identifying features. The first is their relative lack of excitability in response to depolarizing current pulses (Fig. 9A) . The neuron fires with one (n ϭ 17) or few spikes (n ϭ 12) in response to a relatively large depolarizing pulse. The second is the absence of sag in response to hyperpolarizing current pulses (n ϭ 33; Fig. 9B ), along with an absence of rebound firing on the termination of the hyperpolarizing pulses (n ϭ 30). The SR in HVC RA neurons was 0.009 Ϯ 0.003 (n ϭ 11). In a small subset of these neurons, however, a small rebound depolarization was seen (n ϭ 3). The third identifying feature is the extremely hyperpolarized resting membrane potential of Ϫ85 Ϯ 6 mV (n ϭ 33). In addition to these features, the firing pattern of RA-projecting neurons exhibits other important characteristics (Table 3 ). There is often a delay to spiking in response to depolarization (n ϭ 14). In a subset of these neurons, tonic firing was observed (n ϭ 4). Moreover, the spikes emanate from a depolarized plateau but have sharp downstrokes, where each spike is followed by a fast AHP that exhibits a large amplitude (16 Ϯ 0.8 mV, n ϭ 17) and a short TTP (3 Ϯ 0.4 ms, n ϭ 19). Although no sag is present in response to hyperpolarizing current pulses, the fact that the spacing between voltage traces becomes smaller with greater hyperpolarizing currents indicates that there is fast inward rectification (n ϭ 23). That is, a depolarizing current is being activated at the lower voltages. These features were very useful in distinguishing the RA-projecting neurons from the other classes of HVC neurons online, and these classification criteria were confirmed by recording retrogradely labeled HVC RA neurons (Fig. 2E) .
Model HVC RA neuron parameters were calibrated to fit the voltage traces in response to a depolarizing and a hyperpolarizing current pulse. Figure 9C shows the firing pattern of a model HVC RA neuron in response to a 150-pA applied current. The model neuron exhibits delay to spiking that is due to the A-type K ϩ current (I A ), which contributes to the lack of excitability with the cooperation of I SK and I KNa . The inset of Fig. 9C shows the total I A current conductance, g A . It is near 0 at rest but increases rapidly on depolarization due to fast activation. This rapid increase halts after a few milliseconds and switches to a slow decrease that is due to slow inactivation. The slow decrease is reflected in the voltage trace as a slow depolarization in the membrane potential, and this allows the model neuron to escape the inhibition produced by I A and fire a delayed spike.
The model was also calibrated to fit the voltage response to hyperpolarizing currents (Fig. 9D ). In the model, the absence of the sag is primarily due to the large value of k r , which is set to 0.95, thereby giving almost all the weight to the fast component of the I h current and very little to the slow component. The absence of the rebound is due to the small values of the I Ca-T current conductance (g Ca-T ϭ 0.55 nS) and I h current conductance (g h ϭ 1 nS), which prevent the model cell from depolarizing beyond its resting potential and spike threshold. The small I h that is present, however, is sufficient to produce inward rectification of the membrane on hyperpolarization; as the membrane is hyperpolarized to lower voltages, I h activation increases, reducing the spacing between the voltage curves. If g h is set to 0, inward rectification disappears and the spacing between the voltage traces becomes equal in response to equal steps of hyperpolarizing current pulses (not shown). Fig. 7 . I h and I Ca-T mechanisms in HVC X neurons. A: black trace shows a model HVC X neuron exhibiting a sag and rebound firing (g K ϭ 1,700 nS, g SK ϭ 1 nS, I app ϭ Ϫ120 pA). The rebound firing is eliminated by partial blockade of I Ca-T (g Ca-T ϭ 0.1 nS, 3.7% of original conductance), leaving a small rebound depolarization and keeping the sag intact (red trace). The sag and rebound depolarization are eliminated by additional blockade of I h (g h ϭ 0 nS; green trace). Inset shows the total I Ca-T current conductance (g Ca-T ) in the model HVC X neuron under the 3 conditions. B: in an HVC X neuron, model predictions were matched by blocking I Ca-T (red trace) using mibefradil (6 M, 40 min after drug application, I app ϭ Ϫ120 pA). A subsequent application of ZD 7288 (50 M, 30 min after ZD application) to block I h eliminated the sag and the rebound depolarization (green trace). We used the model neuron to predict the average firing frequency over a 1-s duration of applied current for a range of current magnitudes and compared this prediction with the response of actual HVC RA neurons (Fig. 10) . Both model and actual HVC RA neurons had a roughly linear frequency response that ranged from 3 to 25 Hz. For I app Յ 50 pA, both model and actual HVC RA neurons did not spike during the depolarization, so no average firing frequency was computed. For I app ϭ 100 pA, the model neuron showed no activity, but the actual neurons fired with very low frequency. Overall, the predicted model neuron response agreed well with the frequency responses of the actual HVC RA neurons (n ϭ 6). I A current in HVC RA neurons. The delay to spiking in HVC RA neurons was further examined. Figure 11A shows a model HVC RA neuron with delay to spiking (g KNa ϭ 1,000 nS, I app ϭ 200 pA). Setting g A to 0 eliminates the delay and increases excitability (Fig. 11C) . Moreover, the resting membrane potential is slightly depolarized when I A is eliminated. Figure 11 , B and D, shows an HVC RA neuron before (B) and after (D) application of the I A blocker 4-AP (0.3 mM, I app ϭ 200 pA). Drug application eliminated the delay to spiking, increased the neuron's firing frequency, and left a strong adaptation. Moreover, the resting membrane potential was depolarized by ϳ3 mV. Unlike the model response, however, 4-AP reduced the AHP following each spike. Similar results were observed in four additional HVC RA neurons that were tested.
Larger dosages of 4-AP as well as long durations of application switched the neurons' firing pattern from tonic spiking to episodes of large plateau oscillations (n ϭ 3). Similar oscillations were observed following application of quinidine (250 M) in an attempt to block I KNa pharmacologically. This also caused a dramatic increase in the resting membrane potential (ϳ12 Ϯ 3 mV increase; data not shown). Quinidine is known to be a nonselective blocker of K ϩ currents, as is 4-AP at high dosages. It is therefore hard to know what mixture of blocked currents produces this behavior. Bursting patterns were produced in our model HVC RA neuron by setting g A ϭ g KNa ϭ 0 and reducing the magnitude of g K to 15 nS. However, this bursting pattern did not fully resemble the plateau oscillations produced by the actual neuron. Because of the ambiguity in current blockage, we did not pursue this further.
I SK current in HVC RA neurons. We next investigated what role the Ca 2ϩ -dependent K ϩ current plays in the lack of excitability of HVC RA neurons. Figure 12A shows a model HVC RA neuron using the same parameters as in Fig. 9C , but with g KNa ϭ 100 nS, g A ϭ 0 nS, g SK ϭ 35 nS, and g Ca-T ϭ 6 nS. Blocking I SK (g SK ϭ 0) caused a dramatic increase in excitability, decreased the spike amplitude slightly, and increased the resting membrane potential by ϳ8 mV (Fig. 12C) . Figure 12B shows an actual HVC RA neuron's response to 150 pA. This neuron does not exhibit a delay to spiking (n ϭ 12 HVC RA neurons had no delay). Application of apamin (150 nM) greatly increased the neuron's excitability, decreased the spike amplitude, and depolarized the resting membrane poten- Fig. 8 . Effect of I SK in HVC X neurons. A: a model HVC X neuron exhibits spike frequency adaptation (I app ϭ 150 pA). B: an X-projecting neuron exhibits adaptation for a current pulse of 100 pA. C: blocking I SK by setting its conductance (g SK ) to 0 increases the model neuron's excitability slightly, but the adaptation is preserved. Also, the resting membrane potential is increased by a few millivolts (ϳ3 mV), and the interspike voltage time course has changed its shape. D: blocking I SK using apamin (150 nM) had little effect on adaptation, changed the shape of the interspike voltage time course, and reduced the afterhyperpolarization (AHP) following each action potential. It also depolarized the resting membrane potential by ϳ5 mV. tial by ϳ5 mV (Fig. 12D) . However, unlike the model response, no adaptation was seen (AR ϭ 1.04). Similar results were observed in three additional HVC RA neurons (one where adaptation was present). In two other HVC RA neurons, apamin application had similar effects, but there was a very high plateau potential and the amplitude of the spikes was much smaller.
These results show that the SK current plays a key role in damping the excitability of HVC RA neurons. It also contributes to maintaining the extremely negative resting membrane potential of these neurons.
HVC INT Neurons
Response to applied current. HVC interneurons were less frequently encountered (n ϭ 25) and have two identifying features. The first is the high firing frequency observed in response to depolarizing current pulses (Fig. 13A) . When an HVC INT neuron is stimulated with a very small depolarizing pulse, the neuron fires with high frequency (n ϭ 25). A second identifying feature is a prominent sag generated in response to hyperpolarizing current pulses (Fig. 13B) , followed by rebound firing on the termination of the pulse (n ϭ 25). The SR for this neuronal population was 0.24 Ϯ 0.065 (n ϭ 9). Other features of HVC INT neuron firing patterns are described in Table 3 . In response to depolarizing current pulses, the spikes were followed by a large-amplitude AHP (23 Ϯ 0.7 mV, n ϭ 16) with a short TTP (4 Ϯ 0.5 ms, n ϭ 17). Most of the interneurons seen had spikes that overshot 0 mV (n ϭ 18, spike amplitude ϭ 78 Ϯ 5 mV), but in a subset of neurons the spikes remained below 0 mV (n ϭ 7, spike amplitude ϭ 55 Ϯ 8 mV). Moreover, 18 interneurons fired spontaneously with a variety of patterns. Figure 14 shows a sample of four different HVC INT neurons firing spontaneously over long periods of time (ϳ2.5 min). Unlike HVC X neurons, this spontaneous activity was reduced, but not abolished, Fig. 9 . Firing properties of an RA-projecting neuron. A: an RA-projecting neuron fires a single action potential, often with a long delay, in response to a relatively large depolarizing pulse (175 pA). B: no sag is present in response to hyperpolarizing current pulses (Ϫ160 to Ϫ20 pA, in steps of 20 pA). C: HVC RA model neuron parameters were calibrated to match the experimental recording (I app ϭ 150 pA). The long delay to spiking is due to the A-type K ϩ current (I A ). Inset shows the total I A conductance (g A ) during the current pulse. D: for the same parameter values used in C, the HVC RA model neuron has no sag but exhibits inward rectification in the spacing between voltage traces, as in B. Fig. 10 . The firing frequency of a model HVC RA neuron under various current injections (triangles) closely matches the data from RA-projecting neurons in the slice (circles, n ϭ 6). Values are means Ϯ SE. For both model and actual HVC RA neurons, the duration of applied current was 1 s. after CNQX (5 M) and PTX (50 M) application to block synaptic input (n ϭ 4; not shown).
Model HVC INT neuron parameters were calibrated to fit the voltage traces in response to depolarizing and hyperpolarizing current pulses (but not the spike amplitudes, which fall into 2 classes). Figure 13C shows the firing pattern of a model HVC INT neuron in response to a 75-pA applied current. The model neuron exhibits high firing frequency and no adaptation, both features that are due to the very small magnitudes of the I SK and I KNa conductances, thereby increasing the excitability of the model cell. Moreover, the model HVC INT neuron undershoots the resting membrane potential because of the relatively large magnitude of the delayed-rectifier K ϩ current conductance. The model was also calibrated to fit the sag and the rebound firing seen in HVC INT neurons (Fig. 13D) . As with the HVC X model neuron, the sag in the HVC INT model neuron is due to I h , which is activated on hyperpolarization and gradually depolarizes the neuron. The prominence of the sag is primarily due to the extremely small value of k r (0.01), thereby giving almost all the weight to the slow component of the I h current. Also, similar to the HVC X model neuron, the rebound firing is due to I Ca-T and I h . Model HVC INT neurons, however, do not generate the spontaneous firing seen in HVC INT neurons (Fig. 14) .
The model HVC INT neuron was used to predict the average firing frequency over a 1-s duration of applied current for a range of current magnitudes and compared with the response of actual HVC INT neurons (Fig. 15 ). The frequency was much higher than in other HVC neurons, ranging from 10 to 70 Hz. The predicted model neuron response agreed well with the frequency responses of the actual HVC INT neurons (n ϭ 15).
H current and inward rectification in HVC INT neurons. The sag and rebound of HVC INT neurons are examined further in Fig. 16 . The current-voltage relationship of the model HVC INT neuron is shown in Fig. 16A . The solid curve with circles represents the voltage at the end of the current pulses, whereas the dashed curve with triangles is the voltage at the nadir. The difference between the voltage responses at the end of the current pulse and at its nadir, i.e., the sag, increases as the magnitude of the hyperpolarizing current pulse increases. This difference is much larger than that seen in HVC X neurons (compare with Fig.  6A ). In the slice, HVC INT neurons showed a similar behavior (n ϭ 18). A representative example is shown in Fig. 16B .
Similar to that in HVC X neurons, the sag generated in the model HVC INT neuron is due to the hyperpolarization-activated inward current (Fig. 16C ). The inset of Fig. 16C shows the total I h conductance, g h . Because the HVC INT resting membrane potential is relatively high (approximately Ϫ65 mV), some I h conductance is activated at rest. In contrast, the resting level of g h was almost 0 in the model HVC X neuron (see Fig. 6C, inset) , since the resting membrane potential was lower. When the hyperpolarizing pulse is applied, g h slowly rises, resulting in a voltage sag. The increase is slow, since g h is dominated by the slow component in this model neuron. When the current pulse is terminated, the slow component of Fig. 11 . Effect of I A in HVC RA neurons. A: in a model HVC RA neuron there is a delay to spiking following application of a depolarizing current (I app ϭ 200 pA). B: an RA-projecting neuron exhibits a delay to spiking following application of a depolarizing current (200 pA). C: blocking I A eliminates the delay to spiking. The adaptation present at the beginning of the voltage trace after blockade is due to the Na ϩ -dependent and Ca 2ϩ -dependent K ϩ currents. D: model predictions were verified experimentally by the application of 4-aminopyridine (4-AP; 0.3 mM), which eliminated the delay to spiking. The resting membrane potential increased after drug application in both the model and the actual cell. g h remains at an elevated level, contributing to the rebound firing.
Blockade of I h is simulated in the model by setting g h to 0. This results in a small decline in the resting membrane potential and a much larger hyperpolarization during the current pulse. This is because the resting I h current conductance has been eliminated, so there is less I h current to resist the hyperpolarization. The sag is gone and there is a delayed weak rebound spike, due to I Ca-T .
Model predictions were tested and verified in the slice by pharmacologically blocking I h using ZD 7288 (50 M; Fig.  16D ). ZD 7288 application eliminated the sag and the strong rebound firing, but a weak delayed rebound spike remained (Fig. 16D, red trace, 25 min after drug application) in the same interneuron used in Fig. 13B . Moreover, the resting membrane potential was hyperpolarized by ϳ8 mV. Similar behavior was observed in four additional HVC INT neurons. Therefore, the sag seen in HVC INT neurons is due to the hyperpolarizationactivated inward current, which also contributes to rebound firing. In another four HVC INT neurons, mibefradil application eliminated rebound firing (not shown), confirming the existence and role of I Ca-T in these neurons, as well.
DISCUSSION
This study identified ionic currents present in zebra finch HVC neurons, which was facilitated by the development of computational models of the three types of HVC neurons.
These models were based on current-clamp recordings reported in the literature (Dutar et al. 1998; Kubota and Saito 1991; Kubota and Taniguchi 1998; Mooney 2000; Mooney et al. 2001; Mooney and Prather 2005; Shea et al. 2010; Wild et al. 2005) and on our own current-clamp data. The calibrated models were used to generate predictions about the roles that the different ionic currents play in shaping the characteristic firing patterns of each of the HVC neurons types. The predictions were then tested and verified in the slice by varying the applied current or pharmacologically blocking ionic currents of HVC neurons. Our data identified a hyperpolarization-activated inward current (I h ) and a low-threshold T-type Ca 2ϩ current (I Ca-T ) in the HVC X and HVC INT neurons and a Ca 2ϩ -activated K ϩ current (I SK ) and an A-type K ϩ current (I A ) in the HVC RA neurons, as well as highlighting a possible role for the Na ϩ -dependent K ϩ current (I KNa ) in the HVC X neurons. Figure 17 summarizes the conductance values presented in Tables 1 and 2 Fig. 9C but with g KNa ϭ 100 nS, g A ϭ 0 nS, g SK ϭ 35 nS, and g Ca-T ϭ 6 nS. B: an RA-projecting neuron exhibits a single action potential with no delay. C: blocking I SK in the model (g SK ϭ 0) caused a dramatic increase in excitability, decreased the spike amplitude slightly, increased the resting membrane potential by ϳ8 mV, and exhibited adaptation due to I KNa . D: blocking I SK using apamin (150 nM) greatly increased the neuron's excitability, decreased the spike amplitude, and depolarized the resting membrane potential by ϳ5 mV. Unlike the model response, however, no adaptation was seen in this neuron. 1998; Kubota and Saito 1991; Kubota and Taniguchi 1998; Mooney 2000; Schmidt and Perkel 1998; Shea et al. 2010 ). These properties include the resting membrane potential, input resistance, sag, spike duration, spike threshold, AHP amplitude, and AHP time to peak. Moreover, morphological characterization and visualization of HVC neurons had been performed post hoc in a few of these and other studies (Dutar et al. 1998; Kubota and Saito 1991; Kubota and Taniguchi 1998; Mooney 2000; Mooney and Prather 2005; Shea et al. 2010; Wild et al. 2005) . We used this electrophysiological characterization to identify our HVC neurons and performed our own morphological studies to support this means of identification. Our electrical recordings were consistent with those of the previous studies, and our anatomically identified cells con-firmed the classification of neurons on the basis of their physiological properties. A panel of intrinsic property measurements for each of the classes of HVC neurons is reported in Table 3 .
Hyperpolarization-activated ionic conductances are a prevalent feature of electrically excitable cells, including frog skeletal muscle fibers, heart, photoreceptors, neurons in the peripheral and central nervous system, and some types of axons (Pape 1996) . The sag we observed in HVC X and HVC INT neurons in response to hyperpolarizing current pulses was completely abolished after the application of the drug ZD 7288 in all of the neurons tested (Figs. 6, 7, and 16) , indicating that the sag in these HVC neurons is due to the hyperpolarization-activated inward current (I h ). In other types of neurons, two kinetically distinct components of I h have Fig. 13 . Firing properties of an HVC interneuron. A: an HVC interneuron fires tonically at high frequencies in response to a depolarizing current pulse (75 pA). B: a prominent sag followed by postinhibitory rebound firing is generated in response to a hyperpolarizing current pulse (Ϫ120 pA). C and D: HVC INT model neuron parameters were calibrated to match the voltage traces. been identified with time constants in the range of hundreds of milliseconds and seconds, respectively (Banks et al. 1993; Budde et al. 1994; Solomon et al. 1993) . We found that our models fit the data best when the relative strength of these components is different in the three types of HVC neurons.
The unique nature of I h , i.e., an inward current activated on hyperpolarization beyond resting potential, makes it particularly useful in rhythmogenesis. Reported examples include 1) rhythmic activity of the crustacean stomatogastric ganglion, where I h in lateral pyloric neurons controls phase relationships in the pyloric network Golowasch and Marder 1992) ; and 2) slow oscillatory activity of interneurons that control heartbeat in the leech, where I h mediates the escape from inhibition that times the phase transition of two interconnected neurons (Angstadt and Calabrese 1989) . Another study done by Thoby-Brisson et al. (2000) on the respiratory rhythm generated by the pre-Botzinger complex showed that inhibiting I h can actually increase the frequency of rhythmic activity, which is counter-intuitive and demonstrates the subtle actions of this subthreshold current. In thalamocortical neurons, the properties of the I h current and the critical role it plays in slow thalamic oscillations have been extensively investigated (Budde et al. 1997; McCormick and Pape 1990; Munsch and Pape 1999; Pape 1996) . In the HVC of songbirds, the role that I h plays in controlling their vocal pattern remains to be investigated.
The existence of a low-voltage activated Ca 2ϩ current in HVC neurons was first shown by Kubota and Saito (1991) , and we have shown here the key role it plays in rebound spiking (Figs. 6, 7, and 13 ). This current is known to be important in other systems as an ionic current for burst generation (Huguenard 1996) . This has been characterized in several cell types Fig. 16 . Inward rectification and I h current in HVC INT neurons. A: current-voltage relationship of a model HVC INT neuron using the same parameters as in Fig.  13 . Circles with solid curve represent voltage responses measured at the end of the current pulses, whereas triangles with dashed curve represent voltage at the nadir. B: an HVC interneuron exhibits inward rectification over a range of currents that is captured by the model. C: the sag generated in the model HVC INT neuron is due to I h (g h ϭ 4 nS), which also contributes to the rebound (black trace). Blocking I h by setting g h to 0 eliminates the sag and generates a weak rebound with a long delay due to I Ca-T . Inset shows the total I h conductance increasing during the negative current pulse. D: blocking I h using ZD 7288 (50 M) eliminates the sag and generates a delayed rebound (red trace, 25 min after ZD 7288 application) in the same interneuron used in Fig. 13B , matching model predictions. that include thalamic reticular (Mulle et al. 1986 ) and relay cells (Deschenes et al. 1982; Llinas and Jahnsen 1982) , inferior olive cells Yarom 1981a, 1981b) , hippocampal interneurons (Fraser and MacVicar 1991) , lateral habenular neurons (Wilcox et al. 1988 ), a subpopulation of pontine reticular formation cells (Gerber et al. 1989) , and neocortical neurons (Friedman and Gutnick 1987) . Bursting activity in HVC neurons has been reported to occur in vivo during singing (Hahnloser et al. 2002; Kozhevnikov and Fee 2007; Long et al. 2010) . Moreover, Lewicki (1996) showed that auditory HVC neurons in vivo exhibit a significant hyperpolarization before emitting their bursts, and the strength of the burst is correlated with the degree of hyperpolarization. The role the T-type Ca 2ϩ current plays in HVC neuron bursting in vivo has yet to be investigated.
The adaptation we observed in HVC X neurons was unaltered by apamin application (n ϭ 4). This demonstrates that SK channels are not solely responsible for adaptation in these neurons. However, apamin did decrease the AHP following each action potential, consistent with prior reports (Kubota and Saito 1991; Schmidt and Perkel 1998) . Apamin also depolarized the resting membrane potential by a few millivolts in these neurons. Apamin application, however, had a dramatic effect on HVC RA neurons. These neurons normally fire one or few spikes on depolarization, but when the SK current was blocked they fired throughout the duration of the depolarizing current pulse (Fig. 12 ). Thus SK current plays a major role in inhibiting the excitability of HVC RA neurons.
We also investigated the role played by A-type K ϩ channels, using the blocker 4-AP. This eliminated the delay to spiking in HVC RA neurons and increased their resting membrane potential. It also reduced the AHP following each spike. Since both 4-AP and apamin increased the resting membrane potential of HVC RA neurons, I A and I SK must both contribute to the extremely hyperpolarized resting membrane potential of HVC RA neurons, a distinctive feature of these neurons.
The ionic currents presented here motivate speculation on the role they play from a circuit-level perspective. Evidence shows that neural activity in the HVC propagates preferentially within its rostrocaudal axis (Day et al. 2013; Stauffer et al. 2012) . Moreover, Mooney and Prather (2005) identified several synaptic interactions among the three HVC neuronal subpopulations in zebra finch brain slices. These findings, combined with our models, could serve as a starting point to develop realistic and plausible neural architectures that would reflect an accurate topography of the nucleus as well as produce the characteristic patterns of neural activity exhibited by HVC RA , HVC X , and HVC INT during singing. This of course requires more investigation of the connectivity patterns among the different types of HVC neurons.
The models that we developed consist of a single compartment. One could construct multicompartment models to better represent the spatial aspects of HVC neurons, although to do this well it would be necessary to first study dendritic properties of the neuron, including ion channel distribution. Also, in our model description of ionic currents, we utilized functional forms used in prior published neural modeling studies of non-HVC neurons. We did not attempt to calibrate the shape parameters of these functions, which would best be done using a voltage-clamp protocol or by using dynamical estimation methods as in Toth et al. (2011) . Doing this calibration would improve the fit of the models. Finally, pharmacological blockers could be used with a range of current pulses (rather than just one depolarizing pulse and one hyperpolarizing pulse, as done here) to better constrain the model parameter values. This being said, the current models provide a large step forward in describing the biophysics of HVC neurons.
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